the metabolic composition of the fluid, we characterized the metabolism of these ovarian cancer cells in culture by analyzing cell lysates and conditioned culture media with 1 H NMR. Results Distinct metabolite patterns were detected in ascitic fluid collected from OVCAR3 and ID8-VEGFDefb29 tumor bearing mice that were not reflected in the corresponding cell culture or conditioned medium. Conclusion High-resolution 1 H NMR metabolic markers of MA can be used to improve characterization and diagnosis of MA. Metabolic characterization of MA can provide new insights into how MA fluid supports cancer cell growth and resistance to treatment, and has the potential to identify metabolic targeting strategies to reduce or eliminate the formation of MA.
Introduction
Malignant ascites (MA), defined by the National Cancer Institute as the accumulation of fluid in the abdomen that contains cancer cells, is an orphan problem observed in approximately 37% of terminal ovarian cancer patients (Ammouri and Prommer 2010) . Our purpose in these studies was to contribute to the understanding of the formation of MA in ovarian cancer. MA plays a major role in the progression and chemoresistance of ovarian cancer, and is a major cause of quality of life deterioration; highly invasive procedures are currently used for detection and palliative treatment of MA (Ammouri and Prommer 2010) . The abundance of tumor derived metabolites and proteins makes ascitic fluid a promising source for biomarker discovery. Establishing the metabolic profile of MA fluid and cancer cells in MA fluid using high-resolution 1 H NMR, is an important first step in profiling ovarian cancer biofluids to identify potential new biomarkers of MA, and identifying metabolic targets that may be applied, in the future, for personalized medicine strategies.
Our rationale to characterize the metabolomics of MA of ovarian cancer xenografts with high-resolution 1 H NMR was twofold. The first was to determine if ovarian cancers that induce high volumes of MA have a metabolic profile that can be used to identify MA. Cytological confirmation of the presence of malignant cells in ascites fluid, the standard for MA diagnosis, has a low sensitivity ranging from 50 to 70% (Ammouri and Prommer 2010) . This is because the primary tumor may infiltrate the peritoneum without shedding cells, thus resulting in a false negative. As a result other invasive procedures, such as laparoscopy, are performed to confirm the presence of malignant cells. A fluid withdrawal based detection technique to detect MA would reduce the requirement of a significantly more invasive procedure such as laparoscopy, and is an important unmet clinical need.
1 H NMR metabolomics allows rapid analysis of samples with minimal preparation (Vettukattil et al. 2013) . Our second purpose of identifying metabolic patterns characteristic of MA fluid and cancer cells in MA was to develop new insights into MA that can, in the future, result in metabolic inhibition strategies to treat MA that is another critical unmet need in MA; currently limited palliative but invasive measures are available (Kipps et al. 2013) .
Proton NMR provides an identification of several metabolites in a single measurement in cells, tumor biopsies or fluids (Serkova and Brown 2012) . By applying Carr-PurcellMeiboom-Gill (CPMG) technique, the signal of proteins can be suppressed based on their short T 2 relaxation times (Gowda and Raftery 2014; Beckonert et al. 2007) . One limitation of the technique can be an attenuation of a number of metabolites (Gowda and Raftery 2014) , however it has been shown that CPMG provides a clean baseline compared to single pulse sequence and only marginally affects the quantitative accuracy (Van et al. 2003) . Here, we applied high-resolution 1 H NMR to determine the metabolic composition of ascitic fluids resulting from orthotopic growth of two ovarian cancer cell lines, the mouse ID8-vascular endothelial growth factor (VEGF)-Defb29 cell line and the human OVCAR3 cell line. ID8-VEGF-Defb29 tumors induce large volumes of ascites, often more than 10 mL, while OVCAR3 tumors induce ascites less frequently and at smaller volumes, usually less than 0.2 mL. The murine ID8-VEGF-Defb29 cell line was implanted in C57BL/6 mice, while the human OVCAR3 cell line was implanted in severe combined immunodeficient (SCID) mice. To better understand the factors driving the metabolic composition of the fluid, we characterized the metabolism of these ovarian cancer cells in culture by analyzing cell lysates and conditioned culture media with 1 H NMR. Our data have identified specific metabolites such as β-hydroxybutyrate, maleic acid, and citrate that were common to both MA fluids originated from two different experimental models, despite the cells exhibiting significant intrinsic metabolic differences. These metabolites detected in MA may serve as biomarkers following more extensive validation.
Methods

Cancer cell lines
OVCAR3 and ID8-VEGF-Defb29 cancer cells (ConejoGarcia et al. 2004) were grown in RPMI 1640 medium with 10% fetal bovine serum and cultured in standard cell culture incubator conditions at 37 °C in a humidified atmosphere containing 5% CO 2 . OVCAR3 cells were obtained from the American Type Culture Collection (ATCC), while ID8-VEGF Defb29 cells were provided by Drs. Wu and Hung at the Johns Hopkins University School of Medicine.
Cell samples preparation
Approximately 80% confluent ID8-VEGF-Defb29 and OVCAR3 cells were harvested by trypsinization. Two million cells per sample were used for analysis. After trypsinization, cells were washed three times with 1× PBS to remove the extracellular components and growth medium. Cell pellets were obtained by centrifuging at 1500 rpm for 5 min. For 1 H NMR analysis, cell pellets were resuspended in 750 µL of deuterated phosphate buffer and sonicated for 5 min with a 1 s pulse interval under ice cooled conditions. Once the cells were lysed, whole cell lysate was centrifuged at 10,000 rpm for 5 min to remove cell debris, and the supernatant was transferred to an NMR tube for spectral acquisition. Spectra were acquired from three independent replicates for each cell line.
Media preparation
Conditioned cell culture media were collected from culture flasks before harvesting the cells. Culture media were centrifuged at 1500 rpm for 5 min to remove any cells or suspended particles present. 400 µL of media was mixed with 200 µL deuterated phosphate buffer for 1 H NMR analysis. Spectra were acquired from three independent replicates for each cell line.
Tumor implantation
OVCAR3 and ID8-VEGF-Defb29 cells were implanted in female severe combined immunodeficient (SCID) mice and C57BL/6 mice, respectively. Our orthotopic implantation model consisted of a two-step process (Penet et al. 2016 ). We first generated subcutaneous tumors by inoculating a cell suspension of 2 × 10 6 OVCAR3 or ID8-VEGF-Defb29 cells in 0.05 ml of Hanks balanced salt solution in the flank of SCID or C57BL/6 female mice. Once tumors reached a size of ~100-200 mm 3 , they were excised, cut into small pieces under sterilized conditions, and implanted surgically onto the ovary of anesthetized SCID or C57BL/6 female mice. Ascitic fluids were obtained directly from the peritoneal cavity immediately after sacrificing the animal. We collected eight ID8-VEGF-Defb29 ascitic fluids and five OVCAR3 ascitic fluids. Fluid samples were spun down to remove any cells, and maintained at −80 °C until further analysis. All surgical procedures and animal handling were performed in accordance with protocols approved by the Johns Hopkins University Institutional Animal Care and Use Committee, and conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH.
Ascites samples preparation
Initial analysis of ascitic fluid, performed using 50 µL of ascites supernatant diluted in 550 µL of D 2 O saline buffer, identified pH differences in the fluid samples from the chemical shift of the pH dependent metabolites. pH of ascites fluid diluted in D 2 O varied from 7.45 to 8.84 (8.38 ± 0.44 and 8.04 ± 0.33 for ID8-VEGF-Defb29 and OVCAR3 respectively). To decrease the effect of pH-dependent drift in chemical shift, we lyophilized the ascitic fluid samples, resuspended them in D 2 O saline buffer, and measured their pH as shown in Figure S1 . pH values measured were 7.01 ± 0.13 and 6.96 ± 0.09 for ID8-VEGF-Defb29 and OVCAR3 respectively. Approximately 50-100 µL (depending upon availability of sample) of ascitic fluid was lyophilized and resuspended in 550 µL of deuterated phosphate buffer and vortexed for 2 min, following which the supernatant was transferred to NMR tubes for analysis.
High resolution MR spectra acquisition
High-resolution 1 H MR spectra were recorded on a Bruker Biospin Avance-III 750 MHz NMR (Bruker Biospin) spectrometer operating at a proton frequency of 750.21 MHz using a 5-mm broad band inverse (BBI) probe head equipped with z-gradient accessories.
1 H MR spectra with water suppression were acquired using a one-dimensional single pulse sequence with a presaturation pulse using the following experimental parameters: spectral width of 15,495.86 Hz, time domain data points of 64K, effective 90° flip angle, 11.0 µs, relaxation delay 10 s, acquisition time of 2.11 s, 64 number of scans with eight dummy scans, a constant receiver gain of 512 with a total recording time of about 15 min. Spectra were also acquired with a one-dimensional CPMG pulse sequence with water suppression (echo time of 50 ms) to remove short T 2 components arising due to the presence of macromolecules (Van et al. 2003 ) ( Figure  S2 ). All other acquisition parameters for CPMG were kept similar to the ones used in the single pulse with water suppression sequence. All spectra were processed using zero filling of 64K and line broadening for exponential window function of 0.3 Hz prior to Fourier transformation.
1 H MR spectra were manually phased and automated baseline corrected using TOPSPIN 3.2 software.
The 1 H MR spectra were referenced to the methyl resonance of acetate at 1.91 ppm because of its insensitivity to pH variations (Cruz et al. 2014 ). Metabolites were identified based on the chemical shift, coupling constant, and splitting pattern of metabolites, as reported in literature and by comparison with standard MR spectra of metabolites reported by the Biological Magnetic Resonance Bank (BMRB, http:// www.bmrb.wisc.edu), and one and two dimensional NMR spectroscopy (Bharti and Roy 2014; Van et al. 2003; Bala et al. 2008 ).
Metabolites quantification
All samples were acquired and processed using the same experimental parameters. Thereafter an artificial reference signal with defined intensity was digitally inserted in each spectrum at −1.0 ppm (Bharti and Roy 2012) . Metabolite peaks were integrated using variable size binning in AMIX software (version 3.9.14, Bruker Biospin GMBH) and normalized to the digital reference signal inserted externally (Bharti and Roy 2012) . Hundred microliter of the ascites sample were lyophilized and reconstituted in 550 µL buffer. In the case of low ascites sample volume (<100 µL), a volume correction factor was applied during quantitative analysis. Integrated metabolite peak areas were used to compare the groups and to perform statistical analysis. Integration of the lipid peak area (-CH 3 methyl chain) at 0.9 ppm was used for quantification and comparison of overall lipid changes. The lipid peak at 5.3 ppm arises collectively from the vinyl (-CH=CH-) group protons in various unsaturated fatty acids chains and cholesterol. The lipid signal at 2.8 ppm arises from methylene protons [-CH=CH-CH 2 -(CH=CH-CH 2 -)n] in polyunsaturated fatty acid (PUFA) chains (Adosraku et al. 1994) . The integral area of these peaks were analyzed and compared between the groups. The integration of the lipid peak at 0.9 ppm consists of free fatty acids, triacid glycerol (TAG), PUFA, cholesterol and provides an estimate of changes in lipid metabolism. Individual quantification of lipids was not performed due to overlapping signals in the NMR spectra.
Heat maps were created using MATLAB software (MAT-LAB R2012b, MathWorks) to visualize the metabolite patterns. Due to a high dynamic range of metabolites, it was not possible to scale all metabolites in a heat map plot. Instead, we normalized the highest intensity of a metabolite in any one of the samples in OVCAR3 or ID8-VEGF-Defb29 to 100%. For example, the intensity of isoleucine in OVCAR3 sample #3 (Fig. 1b) was set to 100% and the level of isoleucine relative to that was calculated in the remaining OVCAR3 or ID8-VEGF-Defb29 samples. This normalization provides a dynamic range between 0 and 100%, allowing a better presentation of heat maps.
Web based software Venny 2.1.0 (BioinfoGP at Spanish National Biotechnology Centre (CNB)-CSIC) was used to prepare the Venn diagrams of metabolites. Metabolites identified in each compartment, i.e. ascites, cells and conditioned media, were listed for the Venn diagram. The number of common metabolites, represented as % overlap, between the three groups was presented as the number (% overlap) of common metabolites. As an example, in the OVCAR3 model: nine metabolites (24.3%) are common to the three groups, eight (21.6%) are common to the cells and ascites, and five (13.5%) are common to the conditioned media and ascites. Six metabolites (16.2%) are specifically detected in ascites. No quantitative information was included in the diagram.
Results
The two tumor models used in this study induced different ascitic profiles. While OVCAR3 tumor bearing mice developed small viscous volumes of ascites, ID8-VEGF-Defb29 induced higher volumes. Representative spectra of ascitic fluid acquired with high-resolution 1 H NMR are shown in Fig. 1a .
ID8-VEGF-Defb29 ascitic fluids were characterized by higher levels of glutamine, glucose, poly-unsaturated fatty acids (i.e. lipid peak at 5.3 ppm arose from PUFA and cholesterol chain) and pyruvate compared to the OVCAR3 fluids (Fig. 1b, Figure S3 ), while all the other metabolites, including glutamate, lactate, myo-inositol, phosphocholine and acetate, were lower in ID8-VEGF-Defb29 ascitic fluids. Choline and phosphocholine were detected in ID8-VEGFDefb29 ascitic fluid and a significant increase in phosphocholine level was observed in OVCAR3 ascites. Very low choline signal was detected in OVCAR3 ascites (Fig. 2) .
To determine if the differences observed in the ascitic fluids were due to differences in metabolism of the cancer cells, we first analyzed metabolites present in the conditioned cell culture media, and compared these to the spectrum obtained from regular RPMI medium, that was used for both cell lines. Representative spectra of media are shown in Fig. 3a , the quantitative values are described in details in Figure S4 . Figure 3b shows a heat map with the various metabolites quantified in both conditioned cell culture media and in RPMI. The metabolite concentrations differed between the OVCAR3 and the ID8-VEGF-Defb29 conditioned media. ID8-VEGF-Defb29 cells produced more lactate, acetate, alanine, glycine, pyruvate, glutamate, and myo-inositol and secreted less glutamine, isoleucine, leucine, valine, acetone, methionine, creatine, phosphocreatine, choline, glucose, asparagine, tyrosine, phenylalanine than OVCAR3 cells. OVCAR3 cells consumed less glucose and produced less lactate and alanine compared to the ID8-VEGF-Defb29 cells. The glutamine-glutamate ratio was reversed in conditioned culture media, with high glutamate and low glutamine in ID8-VEGF-Defb29 media, and high glutamine low glutamate in the OVCAR3 media.
Following medium characterization, we investigated the metabolic profile of OVCAR3 and ID8-VEGF-Defb29 cell lysates. Representative spectra are shown in Fig. 4a , and detailed quantification of all metabolites detected are presented in Figure S5 .
Most of the MR visible metabolites found in the media were also present in the cells, with few exceptions. Succinate, phosphocholine, glycerophosphocholine, taurine, uracil, uridine, UDP/UTP, and adenosine/adenine were detected only in the cells, while methionine, aspartic acid, and isobutyrate were detected only in the conditioned media. As shown in Fig. 4b , most of the metabolites analyzed were higher in the OVCAR3 cells compared to the ID8-VEGFDefb29 cells, only taurine was higher in the ID8-VEGFDefb29 cells. It is interesting to note that while lactate, glutamate, pyruvate, formate, asparagine and acetate concentrations were low in ID8-VEGF-Defb29 cells, their levels were high in the corresponding conditioned culture media.
Venn diagrams were created to visualize the partition of metabolites in ascites, cells and conditioned media (Fig. 5) . The diagrams also highlight the similarities and differences in both cell lines for each compartment. Few metabolites were found in ascites only, amongst them β-hydroxybutyrate, lipids, maleic acid and citrate were common to both models. Glutathione, PCreatine, PCholine, GPC and NAD/NADP were detected in both cell lines. Lysine, arginine, tyrosine, histidine and phenylalanine were found in both models in the media and ascites, but were absent from the cells, whereas succinate, creatine and choline were detected in the cells and ascites but not in the media. The heat map shows a clear separation of metabolic pattern between these two groups with respect amino acid, choline, glutamine-glutamate and glucose metabolism. Mean value of all samples from VEGF-Defb29 and OVCAR3 groups were subjected to unpaired student t test to measure statistical significance. (*p < 0.05, **p < 0.01 and ***p < 0.001)
Discussion
MA is a common complication of advanced ovarian cancer that is associated with significant morbidity and mortality. Here, we investigated the metabolic profile of ascitic fluid obtained in two different experimental models of ovarian cancer using high resolution 1 H NMR. To further understand the differences observed between both cell lines, we analyzed the metabolic profiles of these cells in culture and of their corresponding conditioned media. Remarkably, here for the first time, we identified metabolites such as BHB, citrate, lipids, and maleic acid that were common to ascitic fluid in both tumor models. This was despite significant differences in the metabolic profiles of OVCAR3 and ID8-VEGF-Defb29 cells in vitro, and of their conditioned culture media. Citrate and maleic acid are two metabolites involved in the TCA cycle, while hydroxybutyrate is a ketone body formed from acetyl-CoA. These metabolites that are common to ascitic fluid may lead to the development of complementary metabolic biomarkers to identify the presence of MA.
Analysis of biofluids with high-resolution 1 H NMR is a promising non-invasive technique that can be used to identify metabolic profiles and provide information about endogenous metabolites that could serve as biomarkers for ovarian cancer detection and characterization.
1 H NMR has been applied to analyze different ovarian cancer biofluids. Characterization of a small number of serum samples obtained from ovarian cancer patients and healthy volunteers, showed a 100% sensitivity and specificity to distinguish malignant samples from healthy samples using the 2.77 and 2.04 ppm spectral regions (Odunsi et al. 2005 ). 3-hydroxybutyrate was one of the metabolites responsible for the differences in spectral patterns. These results were recently confirmed by mass spectrometry that detected accumulation of hydroxybutyric acid metabolites in ovarian cancer patient serum and tumor tissues (Hilvo et al. 2016) . Studies using 1 H NMR to explore ovarian cancer MA have been previously published (Bala et al. 2008; Vettukattil et al. 2013) . Major characteristics of MA versus non-malignant cirrhotic ascites, analyzed by high-resolution NMR, were the presence of higher levels of lactate and ketone bodies, and lower levels of glucose compared to non-malignant ascites (Bala et al. 2008) . The study was limited by a small number of samples that originated from different tumor types and were collected from women and men (Bala et al. 2008 ). Metabolic differences between serous ovarian cancer ascites obtained pre-and post-chemotherapy have been previously identified (Vettukattil et al. 2013) . Ascites from ovarian cancer patients were also compared to specimens obtained from breast carcinoma and malignant mesothelioma (Vettukattil et al. 2013) . Ovarian cancer malignant ascites showed elevated levels of ketone bodies and lactate compared to malignant mesotheliomas and breast carcinomas samples, whereas the breast carcinoma specimens had more glucose, alanine, and pyruvate (Vettukattil et al. 2013) . We observed in our study presence of β-hydroxybutyrate, a ketone body, in both ascitic fluid types, that was not detected in the cells or the conditioned media.
We observed significant metabolic differences between OVCAR3 and ID8-VEGF-Defb29 cells. OVCAR3 cells in culture presented a higher concentration of most of the metabolites, compared to ID8-VEGF-Defb29 cells. Taurine was the only metabolite that was lower in the OVCAR3 cells.
ID8-VEGF-Defb29 cells modified culture media composition significantly more than OVCAR3 cells. Cell culture media of ID8-VEGF-Defb29 cells contained less glucose, and more lactate than media from OVCAR3 cells, although the opposite result was observed in the ascites. Cancer cells have elevated aerobic glycolysis and exhibit increased dependency on glutamine for growth and proliferation. Here, we observed low glutamine levels in ID8-VEGF-Defb29 cells and media, but high levels in their ascitic fluid. In vitro, the ID8-VEGF-Defb29 cells consumed more glutamine than the OVCAR3 cells. The glutamate levels were low in ID8-VEGF-Defb29 cells and ascitic fluid, and high in the media. Glutamine is an essential nutrient for cancer cells and a key ingredient in culture medium to support cancer cell growth (Lu et al. 2010) . Glutamine can be converted to glutamate as a metabolic intermediate to be channeled into the tricarboxylic acid (TCA) cycle to produce ATP. It can also be a precursor for the biosynthesis of nucleic acids, amino acids, glutathione, protein, nucleotides, and lipid. The map representing the significant differences in the metabolites present in the conditioned media obtained from ID8-VEGF-Defb29 and OVCAR3 groups. Mean value of all samples from ID8-VEGFDefb29 and OVCAR3 groups were subjected to unpaired student t test to measure statistical significance. (*p < 0.05, **p < 0.01 and ***p < 0.001) Fig. 4 a Representative CPMG 1 H MR spectra obtained from ID8-VEGF-Defb29 (red), and OVCAR3 cell lysates (green). Expansion of the spectra from 3.2 to 3.3 and 6.5-8.0 ppm are vertically zoomed for −4× and 4× respectively. BHB beta-hydroxybutyrate, BCA branch chain amino acid. b Metabolic heat map representing significant differences in ID8-VEGF-Defb29 and OVCAR3 cell lysates metabolites. Mean value of all samples from ID8-VEGF-Defb29 and OVCAR3 groups were subjected to unpaired student t test to measure statistical significance. (*p < 0.05, **p < 0.01 and ***p < 0.001) mitochondrial enzyme glutaminase catalyzes the conversion of glutamine to glutamate, and increased expression of glutaminase is often observed in tumor and in rapidly dividing cells (Lu et al. 2010) .
The ID8-VEGF-Defb29 cells overexpress VEGF, explaining the high volume of ascites observed, and likely affecting cell metabolism, and the formation of ascites. VEGF plays a critical role in MA formation (Masoumi Moghaddam et al. 2012) . By promoting tumor angiogenesis and enhancing vascular permeability, VEGF contributes to the development of peritoneal carcinomatosis associated with MA formation. This increased peritoneal permeability is due to a downregulation of the tight junction protein Claudin 5 in the peritoneal endothelium (Herr et al. 2012 ). ID8-VEGF-Defb29 tumorimplanted mice develop higher volume of ascites than the OVCAR3 tumor-implanted mice. This difference in volume could lead to a higher dilution of the metabolites in the ID8-VEGF-Defb29 fluid. While some metabolites presented at lower concentration in ID8-VEGF-Defb29 ascites, others including glutamine, glucose, pyruvate and PUFA, were higher in ID8-VEGF-Defb29 ascites despite the higher volume of ascites formed, indicating that ascitic fluid volume alone cannot explain the differences observed between the models.
Since the OVCAR3 cell line is a human cell line, the cells were implanted into immunodeficient mice to form tumors and induce ascitic fluid. The ID8-VEGF-Defb29 is a murine cell line that grows in syngeneic immunocompetent mice with an intact immune system that plays an important role in ascites formation. Both models are widely used as experimental models of ovarian cancer, and provided an opportunity to investigate tumors with different profiles of ascites formation frequencies and volumes, and to study the metabolic differences in the cells, conditioned media and ascitic fluids. We cannot exclude a potential contribution of the two mouse strains in the differences observed in vivo, since the OVCAR3 human cells were grown in immunocompromised mice, while the mouse ID8 cells were grown in C57BL/6 mice with a functioning immune system. Inflammation and the immune system are known to play a critical role in ascites formation (Robinson-Smith et al. 2007 ) and MA contains cytokines and immune cells (Landskron et al. 2015) .
Prognostic factors for advanced epithelial ovarian cancer principally rely on age, performance status, residual tumor volume following primary surgery, and tumor histology (Kolomeyevskaya et al. 2015) . It has been shown that substantial variability in progression-free survival exists among women with similar disease stage (Kolomeyevskaya et al. 2015) . The accessibility of ascites composition could provide an opportunity to identify prognostic and treatmentmonitor markers (Ahmed and Stenvers 2013) . Studies have been performed to improve ovarian cancer diagnosis by identifying cancerous biomarkers in patient pelvic fluid for differential diagnosis, such as cancer antigen 125 (CA125) and cytokeratin 19 soluble fragments (CYFRA21-1). The combined measurement of CA125 and CYFRA21-1 in fluid assisted in detecting all ovarian cancer and papillary serous carcinoma of the peritoneum (Trape et al. 2015) . Other studies have examined cytokines as predictive factor, showing an interaction between ascites TNF-α and IL-6 in driving tumor progression and resistance to chemotherapy in advanced epithelial ovarian cancer (Kolomeyevskaya et al. 2015) . NMR derived biomarkers of ascites can provide companion diagnostics of ovarian cancer, and enhance our understanding of the biochemical and metabolic changes associated with ovarian cancer, and with ascites formation.
